We develop a simple scaling argument for frictional dissipation in rubblepile asteroids, parameterized as an effective dissipation factor Q. This scaling is combined with a prediction (Goldreich and Sari, 2009) for the tidal response amplitude, parameterized by the Love number k 2 . We compare the combined scaling with k 2 /Q values inferred from asteroid binaries in which the semimajor axis is determined by a balance between tidal dissipation and the binary YORP (or BYORP) effect (Jacobson and Scheeres, 2011). The k 2 /Q scaling matches the inferred values if dissipation is confined to a regolith layer of thickness ∼30 m, similar to the available asteroid regolith thickness estimates. The scaling suggests a regolith thickness that is independent of (or decreases slightly with) increasing asteroid radius; this result is consistent with at least one model of regolith generation via impacts.
Introduction 1
The amplitude and phase of an object's response to tides provide informa-2 tion on its internal structure (Moore and Schubert, 2000, e.g.) . This response 3 is typically described by the Love numbers k 2 and h 2 (Munk and MacDonald, It is often convenient to describe the Love numbers as complex quantities, Figure 1 Sketch of the geometry of the problem. Tidal deformation is represented by the departure of the solid surface from the mean shape (dashed lines) and results in shear strains (indicated by half-arrows).
95
On a single element face, the characteristic dissipation rateĖ f is given by the product of shear stress, the sliding velocity and the surface area and may be written asĖ
where u is the displacement of the element face, ρ is the density, g the sur-96 face gravity, f the friction coefficient during sliding and Ω p the spin angular 97 frequency of the primary (assumed to be non-synchronous). The sliding ve-98 locity is ∼ uΩ p , the surface area is ∼ r 2 and the quantity in parentheses 99 is the characteristic overburden pressure which is multiplied by the friction coefficient to give the shear stress (Turcotte and Schubert, 2002, e.g.) .
Because the primary is assumed to be non-synchronous, the tidal bulge raised on the primary by the secondary will rotate relative to the primary's solid surface. This deformation will cause shear strains in the near-surface layer (Fig 1) , producing relative motion and dissipating energy. The characteristic size of the bulge H is given by (Murray and Dermott, 1999 , e.g.)
where h 2 is the displacement tidal Love number, m and M are the mass of 102 the secondary and primary, respectively, a is the semi-major axis, and R is 103 the primary radius.
104
The characteristic displacement u will depend on the element size and the tidal shear strain :
Here q = m/M is the mass ratio, n is the mean motion (assumed Ω p )
105
and G is the gravitational constant. The quantity in square brackets is a 106 measure of the tidal acceleration relative to the self-gravity of the primary 107 and will be referred to as the tidal slope (because it describes the deviation 108 in the surface equipotential due to tides). This quantity can also be written
109
(R /a) 3 , where R is the radius of the secondary (Goldreich and Sari, 2009 ).
110
The assertion that u ∼ r arises as follows. The tidal displacement H 111 varies laterally over a lengthscale ∼ R, because it is a degree-2 feature. Thus,
112
the characteristic shear strain is = H/R. The relative radial displacement 113 between two points separated by a horizontal distance r will then scale as 114 r. If the medium were uniform, this displacement would be distributed 115 evenly; in a granular material, the relative displacement will happen between 116 neighbouring element faces but have the same magnitude.
117
For the asteroids we consider, the typical tidal slope is ∼ 10 −3 (see below). 
147
Combining equations 1 and 3, the dissipation rate per volume element is independent of r, and the total frictional dissipation rate in the dissipative layer isĖ 
153
Conventional tidal dissipation in a non-synchronous primary is calculated 6 by (Murray and Dermott, 1999, e.g.)
Comparing equations 4 and 5 we can write an effective Q for the frictional case, Q ef f , as
(6) where here we have assumed that h 2 ≈ k 2 , as appropriate for an order 154 of magnitude argument. We take the bulk density ρ to be 2 g/cc; the static 155 friction factor for silicates is about 0.6, so we take the quantity N f to be 156 of order unity. The body becomes more dissipative (lower Q) with higher 157 friction or a thicker dissipative layer, as expected. However, the effective Q 158 increases (less dissipation) with increasing tidal slope. This is a consequence 159 of the fact that conventional tidal dissipation (equation 5) is more sensitive 160 to tidal slope than is frictional dissipation. Since we will make use below 161 of results assuming conventional dissipation, the functional form of Q ef f is 162 important. We also note that, so far, we are not assuming any particular 163 functional form for t. 
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Goldreich and Sari predict that the tidal response of a rubble-pile asteroid is given by
where here µ is the shear modulus of unfractured rock, Y is the yield strain 172 and here and in later equations numerical constants are given assuming quan- 
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Although JS11 took B ≈ 10 −3 , Scheirich et al. (2015) point out that this was an error and that a more likely value is B ≈ 10 −2 . The observations of JS11 can thus be written
Using equation 8 and substituting in the Goldreich and Sari prediction (equation 7) we have
Equation (9) yields the same result as the prediction of (6) if t is in- We may also compare our calculation results with the inferred µQ obtained by Taylor and Margot (2011), hereafter TM11. As noted above, since these inferred values neglect BYORP, they are likely to provide upper bounds. For small bodies the relationship of µ to k 2 is µ ∼ ρ 2 R 2 G/k 2 (Goldreich and Sari, 2009). Using equation (10) 
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The results of Scheirich et al. (2015) for (175706) conclusions are thus fully consistent with our findings.
286
Another complicating factor may be the role of thermal fatigue as a 287 regolith-generating process (Delbo et al., 2014) . This process will not di-
288
rectly depend on body size. However, the thermal skin depth is too shallow 289 for thermal stresses to be directly generating regolith at decameter depths. At 290 a minimum, some other mechanism must be circulating material from these 291 depths to the surface, for instance impact gardening or perhaps shaking-292 induced convection (Yamada et al., 2016) .
293
Rather than appealing to a regolith thickness determined by other pro- given an overburden stress of ρgz, the depth to which fractures could open
Here the quantity in brackets is the tidal 312 slope and for our nominal parameters we obtain a depth of a few meters.
313
Note that we are neglecting the role of any cohesive forces, which may not be (Fig 2a) and, as a result, equation (10) however, will depend strongly on whether the material is monolithic blocks or 339 fine-grained regolith (Section 2). We hypothesize that the dissipated energy Phobos is hypothesized to be controlled by a rigid surface layer (the regolith) 343 overlying a weak interior.
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The situation we envisage is somewhat reminiscent of the situation on If equation (10) Table 1 Binary asteroids with synchronous secondaries using the 2015-09-18 update from http://www.asu.cas.cz/∼asteroid/binastdata.htm (see Pravec et al. (2016) ). Entries in bold were also used in JS11; of the remainder, entries in italics are for systems where the synchronous rotation of the secondary is uncertain. Here a h and e h are the heliocentric semi-major axis and eccentricity; ρ is assumed to be 2 g/cc in the absence of other information; and BQ/k 2 is calculated using the same approach as in JS11, taking the solar radiation constant to be 4.4 × 10 −6 kg m −1 s −2 (McMahon and Scheeres, 2010). The final column is the predicted regolith thickness t calculated using the observations and equation (10) 
